Abstract. A matrix parameterization of the 15/•m CO2 band radiative cooling in the middle and upper terrestrial atmosphere for both local thermodynamic equilibrium (LTE) and non-LTE (NLTE) layers is proposed. For the atmospheric region between -013 and 85 km, matrix coefficients for CO2 concentrations of 150, 360, 540, and 720 ppm have been precalculated using a line-by-line technique. A method for interpolation of the matrix coefficients for arbitrary CO2 concentration is suggested. In the layer between 85 and ll0 km, where strong NLTE effects start to occur, a recurrence formula relating cooling rate values at two neighboring altitude levels is used. To calculate the cooling rate above ll0 km, a simple approach accounting for both the absorption of the radiative flux formed below ll0 km and the cooling-to-space terms is suggested. The accuracy of the parameterization is examined for different temperature and CO2 profiles as well as for different atomic oxygen concentrations in the NLTE layer.
Introduction
Among the important open questions facing atmospheric scientists today is what effect anthropogenically generated increases of CO2 concentration in the atmosphere will have on the Earth's atmosphere. Investigation of this question is not limited to the troposphere but includes the stratosphere, mesosphere, and lower thermosphere. Although the "greenhouse effect," as this is often called, involves heating of the troposphere, other regions of the atmosphere are significantly cooled [e.g., Fels et al., 1980; Rishbeth and Robie, 1992] . To investigate the effect of changes in the CO2 concentration using three-dimensional (3-D) atmospheric models, a radiation code capable of quickly and accurately calculating the CO2 cooling rate over a range of heights, temperatures, and CO2 concentrations is needed. In this paper, such a code is presented and described.
Radiative cooling in the 15 /tin CO2 band is one of the basic processes which determines the Earth's cli- Employing the method of matrix transformation suggested by Akmaev and Fomichev [1992] , the uniform grid parameterization can be adopted for any height grid appropriate for a given dynamical model. The second scheme utilizes an optimized variable height step, the value of which increases with increasing distance from the level for which cooling is calculated. The scheme with the optimized height grid requires fewer parameterization coefficients, which makes the parameterization more computationally efficient in comparison to the scheme with the uniform vertical grid. A complete description of the scheme with the optimized height grid is presented in section 6. Section 7 summarizes the main results.
Reference Method
In order to develop and test the parameterization we The above calculations were validated against the results of Schwarzkopf and Fels [1985] . A comparison between the two methods is shown in Figure 2 . The cooling rate differences between our method and that of Schwarzkopf and Fels [1985] do not exceed 0.15 K d -1 and are probably due to differences between the two models.
Unlike our calculations, Schwarzkopf and Fels [1985] used data from the Air Force Geophysics Laboratory (AFGL)-80 spectral database [Rothman, 1981] To determine the rate constants for the collisional quenching of the vibrational states higher than the first one, the harmonic law relating the rate constants for states with different degrees of excitation was used. It was also assumed that the total combined quenching rates for the second vibrational states (10ø0, 0220, and 0200) To calculate values of e(x0) by (4), the parameterization coefficients and air temperature should be prescribed on a uniform height grid with a step of Ax = 0.25. We call this the full grid matrix parameterization. Employing the method of matrix transformation suggested by Akmaev and Fomichev [1992] , the full grid matrix parameterization can be adopted to an arbitrary vertical coordinate grid. In our study we used this method in order to optimize the parameterization by minimizing the number of levels which contribute to the cooling rate at a given level as well as the number of parameterization coefficients. With the optimized vertical grid, only eight levels (Table 1) need to be considered to account for the internal heat exchange in the LTE region of the atmosphere. As will be shown in section 5, the accuracy of the parameterization with the optimized vertical grid is only slightly different than that with the full vertical grid. Under NLTE conditions the 15/am CO2 band cooling rate depends not only on temperature and CO2 concentration but also on values of co, co2, CN2, and on the quenching rate constants. The recurrence formula contains the explicit dependence of e on all these parameters, except the CO2 concentration. The cooling rate e(xo) depends on the CO2 concentration both explicitly and implicitly. First, it is proportional to the value cco• at level x0, and second, it depends on the total CO2 column amount u above level x0 through the escape function L(u). To account for the implicit dependence of e on CO2 concentration, values of L were calculated as a function of u, and logL was linearly interpolated over u. Above x m 16.5 the 15/am CO2 band is so optically thin that L(u)ml for any CO•. model, thus it is not necessary to take into account the internal heat exchange within this region of the atmosphere to calculate the value e. Taking this fact into consideration, we expressed the recurrence formula as a two-term formula with the first term providing cooling-to-space from a given level x0, and the second term describing the radiative heat exchange between level x0 and the atmosphere below x -16.5. In this two-term formula the dependence of e on all input parameters is given in explicit form.
Transition Region
The most complicated region to parameterize the 15 /am CO2 band cooling is the transition region between •x -10-14 (z m 70-93 km). NLTE effects must be taken into consideration in this region, but neither the radiative heat exchange with the overlying atmosphere nor the contribution of bands other than the fundamental band can be neglected. This dependence is presented in Table 10 . 
is the boundary condition to be determined at the level x -16.5 from the recurrence equation (9). 
